The use of non-living Trametes versicolor polyporus fungus to remove phenol, 2-chlorophenol (2-CP) and 4-chlorophenol (4-CP) from water under equilibrium and column flow experimental conditions was evaluated. The biomass was characterized by Fourier-transform infrared spectroscopy. The adsorption capacity of the biosorbent was investigated as a function of pH, contact time, initial concentration of adsorbate and amount of biomass employed. The adsorption process followed the pseudo-first-order kinetic model. The equilibrium data were analyzed in terms of the Freundlich, Langmuir and D-R adsorption isotherm models. The maximum monolayer adsorption capacity of Trametes versicolor polyporus fungus for phenol, 2-CP and 4-CP was found to be 50 mg/g, 86 mg/g and 112 mg/g, respectively. Desorption of phenolic compounds was achieved using 0.1 M NaOH solution. The experimental results demonstrated that the Trametes versicolor polyporus fungus could be used as a sorbent for immobilizing phenolic compounds.
INTRODUCTION
Phenol and chlorophenols are considered priority pollutants because of their toxicity at low concentrations. The toxic and hazardous natures of phenols and their derivatives, and their increasing amounts in industrial wastewaters, have been well documented (Denizli et al. 2004) . Chlorophenols (CPs) are the most common organic compounds which are widely used in agriculture, industry and public health. The most important pollution sources of chlorophenols are the wastewaters from pesticide, paint, solvent, pharmaceutics, wood-preserving chemicals, paper and pulp industries and water disinfecting processes. Because CPs are toxic, resistant to microbial degradation and can accumulate in the food chain, many countries have restricted or banned their production or use and have designated them as priority pollutants in their own list of hazardous wastes (Ruiying and Jianlong 2007) . Increasing concern for public health and environmental quality has led to the establishment of rigid limits on the acceptable environmental levels of phenolic compounds. The United States Environmental Protection Agency (USEPA) regulations stipulate lowering the phenol content in wastewater to less than 1 mg/ᐉ from the several thousand mg/ᐉ often present (Denizli et al. 2005 ) Thus, the removal or destruction of phenols from process or waste streams becomes a major environmental problem.
Adsorption is a well-established technique for the removal of low concentrations of organic pollutants from large volumes of potable water, process effluents, wastewater and aqueous solutions. Activated carbon is widely used for the removal of pollutants from gaseous and liquid phases. However, rising production costs somewhat hinder its general employment. As a result, natural waste products and plants have increased considerably during the past few years for pollution control applications (Termoul et al. 2006) . The high cost of activated carbon has stimulated interest in the use of cheaper raw materials. Polymer-based adsorbents are widely employed for the removal of phenols, but the high cost of polymers has also stimulated interest in examining the feasibility of using cheaper adsorbents. Recently, microorganisms have been considered as one of the most promising adsorbents. The biosorptive sites on the micro-organism are provided by carboxyl, hydroxyl, sulphydryl, amino and phosphate groups. Fungal biomass can also take up considerable quantities of organic pollutants from aqueous solutions by adsorption or a related process, even in the absence of physiological activity (Kennedy et al. 1992) .
The uptake and accumulation of chemicals by micro-organisms as biosorbents for the removal of heavy metals (Wu and Yu 2006; Kapoor et al. 1999; Aksu 2001) , dyes (Rubin et al. 2006; Waranusantigul et al. 2003) and hazardous organics (Aksu and Yener 1998; Kennedy and Pham 1995; Ning et al. 1996) offers an economical, practical and efficient alternative to existing methods for the recovery and removal of these pollutants from industrial effluents. Among these biosorbents, activated sludge is a well-known biomass used for the removal of phenolic compounds (Wang et al. 2000) . In addition to activated sludge, some fungal mycelia and bacterial biomass have also been utilized to remove phenolic compounds through adsorption (Rao and Viraraghavan 2002; Daughney and Fein 1998) . Interest in the potential utilization of fungal biomass as a biosorbent is increasing due to the need for economic and efficient adsorbents to remove organic contaminants from wastewater. Rao and Viraraghavan (2002) have used non-viable pretreated cells of Aspergillus niger to remove phenol from an aqueous solution, and observed that the maximum removal of phenol occurred at an initial pH of 5.1 for the biomass powder treated by sulphuric acid. Benoit et al. (1998) have studied the biosorption characteristics of 4-CP and 2,4-dichlorophenol (2,4-DCP) on the fungal mycelium of Emericella nidulans and Pencillium miczynskii. Their results showed that the rapid adsorption of the hydrophobic molecules onto inactivated fungal cell surfaces was the main phenomenon. Other workers (Tsezos and Bell 1989; Yesilda et al. 1995) investigating the biosorption capacity of dead and live fungal biomass found that better removal was achieved with dead fungal biomass than with the live one. Daniel et al. (2007) studied the bioremediation of phenolic wastewaters by live Trametes versicolor. Wu and Yu (2006) reported the biosorption of phenols and chlorophenols from aqueous solution by Phanerochaete chrysosporium mycelial pellets. Recently, Srivastava et al. (2008) have investigated the sorptive removal of phenol by a bagasse fly ash packed bed. The maximum adsorption capacities of different adsorbents obtained from different sources are listed in Table 1 along with the values obtained in the present study.
In the present work, non-living Trametes versicolor polyporus fungus was used as an adsorbent for the removal of phenolic compounds from aqueous solution. In addition, this polyporus fungus was characterized by FT-IR spectroscopic means. The effects of various factors, such as contact time, the initial pH of the solution, the adsorbate concentration and the amount of adsorbent employed were investigated under batch equilibrium conditions. The Freundlich, Langmuir and D-R isotherm models were used to fit the equilibrium adsorption data, while the pseudo-firstorder kinetic model was employed for the kinetic data. The column flow data were used to generate breakthrough curves. The loaded adsorbent with phenolic compounds was regenerated by the solvent elution method using 0.1 M NaOH as the eluent.
MATERIALS AND METHODS

Chemicals
Phenol (Ranbaxy, India, A.R. grade), 2-CP and 4-CP (Spectrochem, India, A.R. grade) were used without further purification. Stock solutions were prepared by dissolving 1.0 g of phenol, 2-CP and 4-CP individually in 1 ᐉ of doubly distilled water. These stock solutions were used to prepare 50, 100, 200 and 300 mg/ᐉ solutions of phenol, 2-CP and 4-CP. In each case, the pH of the solutions was adjusted to the desired value with 0.01 M HCl and 0.01 M NaOH solutions. The water used for solution preparation and adsorbent cleaning was generated in the laboratory via the double distillation of de-ionized water in a quartz distillation unit.
Biosorbent
The Trametes versicolor polyporus fungus species was collected from the Tirumala Tirupati hills, India. The fungus was washed with tap water, followed by de-ionized water to remove dust and other impurities. It was then sun-dried, followed by drying in an oven at 70°C. Finally, the fungus samples were crushed and sieved though a 300 µm sieve to obtain a uniform particle size and used as the biosorbent.
Batch experiments
A series of batch experiments was conducted to explore the effect of various factors such as the pH, contact time, quantity of adsorbent and the initial concentration of adsorbate on the adsorption process. Batch adsorption experiments were conducted in 125 mᐉ Erlenmeyer flasks by contacting a specified amount (0.1 g) of adsorbent with 100 mᐉ of phenolic solutions of specified concentration at a desired pH value. The contents of the flasks were shaken at 150 rpm on a mechanical shaker at room temperature. Preliminary experiments confirmed that 4 h was sufficient to attain equilibrium between the adsorbent and the adsorbate. After this contact time, the samples were filtered through a Whatman No. 5 filter paper (2.5 µm size particle retention) to eliminate any fine particles. The concentration of phenolic compounds remaining in solution was determined through absorbance measurements using a Shimadzu UV-2450 spectrophotometer at 270 nm, 274 nm and 280 nm for phenol, 2-CP and 4-CP, respectively. The sorption capacity of the biosorbent was determined by material balance of the initial and equilibrium concentrations of the solution. Blank experiments showed that adsorption onto the glassware was negligible. On a mass-balance basis, the amount adsorbed per unit mass of adsorbent at equilibrium was obtained from the relationship:
(1)
where Q e (mg/g) is the adsorption capacity at equilibrium, C 0 and C e denote the initial and equilibrium concentrations of the phenolic solutions (mg/ᐉ), V is volume of the solution (ᐉ) and m is the mass of the adsorbent used (g).
Column adsorption studies
Column flow studies were carried out using a Pyrex glass column (10 cm length × 1.2 cm i.d.) filled with 1 g of Trametes versicolor polyporus fungus by tapping so that the column was filled without gaps. The influent aqueous solution containing a known concentration of a given phenolic compound was passed through the column bed in a downward manner at a constant flow rate of 1 mᐉ/min. The complete operating cycle in each column experiment included three steps, viz., pH pre-conditioning of the adsorbate solution, solution flow and adsorption of the solute until column exhaustion occurred. The effluent solution was collected as a function of time and the concentration of the phenolic compound in the effluent solution was determined by absorbance measurements using a Shimadzu UV-2450 spectrophotometer. All experiments were carried out at room temperature. Breakthrough curves were obtained by plotting the volume of the solution passed through the column versus the ratio of the column outlet concentration to the initial concentration, C/C 0 .
Desorption studies
After the column was completely exhausted, the remaining aqueous solution in the column was drained off by pumping air through the column. Desorption of the solute from the loaded adsorbent was carried out by pumping the eluent (a 0.1 M NaOH solution) into the column at a fixed flow rate of 1 mᐉ/min at constant temperature. From the start of the desorption process, effluent samples were collected at different time intervals and the concentration of the adsorbates therein determined. When the concentration of the outlet solution was zero or close to zero, it was assumed that the column had been regenerated. The adsorbent column was then washed with distilled water to remove any traces of the NaOH solution before the influent adsorbate solution was re-introduced for subsequent adsorption/desorption cycles. Such cycles were performed three times for each phenolic solution using the same bed and thereby checking its sustainability for
repeated use. Regeneration curves were obtained by plotting the volume of the solution passed through the column against the concentration of the column outlet solution.
RESULTS AND DISCUSSION
Fourier-transform infrared (FT-IR) spectral analysis
The corresponding FT-IR spectra of the biosorbent as recorded on a Perkin-Elmer 283B FT-IR spectrometer over the range 4000-400 cm -1 before and after the adsorption of phenolic compounds are depicted as spectra (a)-(g) in Figure 1 . The FT-IR spectrum of fungal preparations before adsorption [ Figure 1 , spectrum (a)] exhibited intense peaks in the frequency range 3500-3200 cm -1 , corresponding to the amino group stretching vibrations of the fungus. These bands were superimposed on one side of the hydroxy group band at 3500-3300 cm -1 . The peak at ca. 1730-1721 cm -1 corresponded to the C=O group stretching vibration of esters (lipids), whereas the peak in the range of 1640-1630 cm -1 was due to the presence of an amide group (protein). The characteristic absorption peaks of phosphate groups occurred at ca. 1150 and 1070 cm -1 , corresponding to P=O and P-OH stretching, respectively. The peaks at ca. 2900 and 1373 cm -1 may be associated with the stretching and deformation stretching vibrations of the C-H group. Finally, the peak at 524 cm -1 corresponding to O-C-O scissoring and C-O bending vibrations was only observed for the fungal biomass (Bayramoglu et al. 2009 ). The FT-IR spectra of the biosorbent prior to and after adsorption exhibited significant differences. This is shown in Figures 1(b) and (c), which depict the spectra of pure phenol and of the Trametes versicolor polyporus fungus after phenol adsorption, and in Figures 1(f) and (g) which show the spectra of pure 4-CP and of the Trametes versicolor polyporus fungus after 4-CP adsorption. With both phenol and 4-CP, after adsorption the O-H bond stretching frequency was shifted to a higher frequency region while the =C-H stretching frequency was shifted to a lower frequency region. In contrast, Figures 1(d) and (e), which show the situation before and after the adsorption of 2-CP, indicate that the O-H bond stretching frequency was shifted to lower frequencies due to the presence of a Cl atom in the ortho position in the molecule. Under these circumstances, an increase will occur in the O-H bond length which, in turn, will lead to an automatic decrease in the O-H frequency, while the =C-H stretching frequency is shifted to the lower frequency region. This shift and/or broadening of some of the IR spectral peaks of the biosorbent in the presence of the phenolic compounds studied provides a clear indication that the functional groups present on the biosorbent are involved in an interaction with the phenolic compounds.
Effect of pH
The pH of the medium affects the solubility of phenol or chlorophenols as well as the ionization state of the functional groups on the fungal cell wall. There are several types of functional groups on the fungal cell walls to which phenolic compounds can bind and include both hydrophobic and hydrophilic groups [such as carboxyl (-COOH), phosphate (PO 4 3-), primary and secondary amines (-NH 2 , =NH), thiol (-SH) and hydroxy (-OH)] (Bayramoglu et al. 2009 ). The phenolic compounds considered in this study, viz. phenol, 2-CP and 4-CP, have pK a values of 9.9, 8.3 and 9.2, respectively; hence, they only exist as anions at high pH values (Rubin et al. 2006) . The decrease in the sorption capacity of the biosorbent towards the chlorophenols as the pH increased over the range 6-10 can be explained as being the result of higher electrostatic repulsion between the sorbate and sorbent, since both are negatively charged over this pH range. However, at pH values below 6, the variation in the sorption capacity towards the chlorophenols studied cannot be explained simply in terms of electrostatic interactions. All the phenolic compounds studied act as weak acids in aqueous solution, with the dissociation of hydrogen ions being strongly dependent on the pH value of the solution. The molecular form dominates in acidic solution, whereas the anionic form is the predominant species in alkaline media.
In order to optimize the pH of the system to achieve maximum removal efficiency, experiments were conducted in the pH range 3.0-10.0 employing 0.1 g of polyporus fungus with 100 mᐉ of a 100 mg/ᐉ adsorbate solution at room temperature. The data obtained from these experiments are depicted in Figure 2 , from which it will be seen that the adsorption capacity of the fungus towards phenol, 2-chlorophenol and 4-chlorophenol increased as the pH value was increased from 3.0 to 6.0. Under these circumstances, the amino groups associated with the fungus carry positive charges that allow the fungal cell wall components to act as potential scavengers of phenolic compounds. However, the interactive forces between phenol/chlorophenols and the biomass are rather weak in acidic solution. Similar observations have been reported previously. Thus, for example, the dried and dead fungus Pleurotus sajor-caju showed higher adsorption capacities towards the removal of chlorophenols from aquatic systems at ca. pH 6.0 for all species (Denizli et al. 2005) . The decrease in the adsorption capacity at higher pH values was attributed to repulsion between the phenolate ions formed and similarly charged groups on the fungus surfaces.
Effect of agitation time
The equilibrium time necessary for the biosorption of phenol, 2-CP and 4-CP onto polyporus fungus was obtained by studying the sorption process at various initial sorbate concentrations employing a fixed amount of polyporus fungus and removing samples from the system at different time intervals (30, 60, 90, 120, 150, 180, 210, 240 and 270 min) . The data thus obtained are represented graphically in Figures 3-5 , respectively. Irrespective of the nature of the phenolic compound studied, the extent of adsorption increased sharply with time, with equilibrium being attained at ca. 240 min for all the concentrations employed (50-300 mg/ᐉ). Thus, this time was sufficient to attain the equilibrium conditions necessary for the maximum removal of phenolic compounds from aqueous solutions by polyporus fungus. The adsorption capacity towards the chlorophenols was higher than that towards phenol, with the adsorption capacity towards phenolic compounds increasing in the order 4-CP > 2-CP > phenol. This order may be related to the solubility of these compounds in water. Of these, phenol has the highest solubility (93 g/ᐉ) and 4-CP has the lowest (27 g/ᐉ), with that of 2-CP being intermediate in value (28 g used in the present study exhibited a maximum monolayer adsorption capacity of 50 mg/g towards phenol, 86 mg/g for 2-CP and 112 mg/g for 4-CP as obtained from the application of the Langmuir isotherm to the adsorption data obtained. From this observation, it may be concluded that the extent of adsorption increased as the hydrophobic nature of the adsorbate increased.
Adsorption kinetics
Data on the removal of phenol, 2-CP and 4-CP by Trametes versicolor polyporus fungus as a function of time at pH 6.0 at various initial concentrations (50-300 mg/ᐉ) may also be deduced from the results presented in Figures 3-5 . The pseudo-first-order kinetic parameters for the adsorption of the sorbates onto polyporus fungus were determined by employing the following equation (Radhika and Palanivealu 2006):
( 2) where q e is the amount of sorbate adsorbed per unit weight of sorbent at equilibrium (mg/g), q t is the amount of sorbate adsorbed per unit weight of sorbent at any time t (mg/g), t is the time in min and k 1 (min -1 ) is the adsorption rate constant. The values of k 1 as calculated from the slopes of the plots of log(q e -q t ) versus t are listed in Table 2 , together with the corresponding correlation coefficients (r 2 ). No significant change occurred in the values of k 1 obtained at various concentrations of phenol, 2-CP and 4-CP. From this, it may be concluded that the adsorption of phenolic compounds onto Trametes versicolor polyporus fungus followed pseudo-first-order kinetics.
Effect of adsorbent dose
To investigate the effect of the amount of adsorbent on the resulting adsorption capacity, experiments were performed at pH 6.0 employing 100 mᐉ of a 100 mg/ᐉ solution of the sorbate and varying the amount of adsorbent present in the system within the range 0.05-0.6 g. The corresponding results are presented in Figure 6 which shows the removal extent of phenol, 2-CP and 4-CP increased rapidly as the amount of Trametes versicolor polyporus fungus present in the system increased, as a result of the greater availability of biosorbent binding sites. Maximum adsorption occurred when 0.5 g of fungus was present in the system, with the maximum percentage removal being ca. 90% for phenol, ca. 93% for 2-CP and ca. 96% for 4-CP.
Adsorption isotherm models
The Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm models were employed for fitting the experimental data. The Langmuir model employs the assumption that the surface of the adsorbent is totally homogenous, whereas the Freundlich isotherm is suitable for a highly heterogeneous surface. The D-R isotherm, on the other hand, is based on the potential theory of adsorption which assumes that the surface is energetically non-uniform and that the dominant adsorption interaction involves dispersion forces. ( 3) where Q e (mg/g) is the amount of sorbate adsorbed, C e (mg/ᐉ) is the equilibrium concentration of the adsorbate, Q 0 (mg/g) is the maximum monolayer adsorption capacity and b is related to the affinity of the binding sites. The quantities Q 0 and b may be determined from the linear plots of 1/C e versus 1/Q e . When saturation is attained, the essential characteristics of the Langmuir isotherms can be described by a separation factor, R L , which may be defined as (Venkata Mohan et al. 2007 ):
(4) where C 0 is the initial concentration of phenol, 2-CP or 4-CP. It is possible to assess the characteristics of the isotherm from the value of the separation factor: thus R L > 1 indicates an unfavourable isotherm, R L = 0 represents a linear isotherm, 0 < R L < 1 indicates a favourable isotherm while R L < 0 characterizes an irreversible isotherm. The values of R L obtained in the present study fell between 0 and 1, thereby indicating favourable adsorption.
As stated above, the Freundlich equation is an empirical model that considers heterogeneous adsorptive energies on the adsorbent surface (Zheng et al. 2007; Wang et al. 2007) . In this case, the amount of sorbate adsorbed, Q e , may be related to the concentration of sorbate in the solution, C e , through the following equation:
where K f and n are Freundlich constants. The experimental data obtained in the present study were fitted to equation (5) and the parameters (K f and n) evaluated from the plot of log Q e versus log C e . The values of the Langmuir constants Q 0 and b and the Freundlich parameters K f and n together with the corresponding correlation coefficients (r 2 ) are presented in Table 3 . Of these two models, that of Langmuir gave a better representation of the adsorption of phenol, 2-CP and 4-CP onto Trametes versicolor polyporus fungus compared with that of Freundlich.
The equilibrium data were also correlated with the Dubinin-Radushkevich (D-R) model to determine whether adsorption occurred via a physical or a chemical process (Ulna and Eros 2006) . Mathematically this model may be represented as: where ε is the Polanyi potential, Q is the amount of sorbate adsorbed per unit weight of adsorbent (mol/g), k is a constant related to the adsorption energy (mol 2 kJ) and Q m is the adsorption capacity (mol/g). The values of Q m and k may be calculated from the intercept and slope of the ln Q versus ε 2 plots and are also presented in Table 3 . The mean free energy of adsorption (E), defined as the free energy change when 1 mol of ions is transferred to the surface of the solid from infinity in the solution, can be calculated from the value of k via the equation:
The mean free energy of adsorption, E, provides information as to whether the adsorption mechanism is chemical, i.e. ion exchange, or physical. If the value of E is between 8 and 16 kJ/mol, this indicates that the adsorption process follows a chemical ion-exchange mechanism, while values of E < 8 kJ/mol indicate that the adsorption process is physical in nature (Islam and Patel 2007) .
In the present study, the mean adsorption energy (E) was found to be 11.48 kJ/mol for phenol, 14.43 kJ/mol for 2-CP and 15.81 kJ/mol for 4-CP onto Trametes versicolor polyporus fungus.
These values indicate that the adsorption process involved a chemical ion-exchange mechanism.
Column adsorption
The results of column flow experiments were used to obtain the breakthrough curves for the adsorption of phenol, 2-CP and 4-CP from aqueous solution onto Trametes versicolor polyporus fungus by plotting the volume of effluent versus C/C 0 . The corresponding breakthrough curves are shown in Figures 7-9 . The breakthrough capacity, i.e. the amount adsorbed up to the point when the effluent concentration from the column is equal to the concentration of the influent solution, may be computed from the breakthrough curves. An examination of the curves indicates that no leakage of solute was observed up to a volume of ca. 100 mᐉ of influent sorbate solution in the first cycle in all cases. When the bed is exhausted or the effluent emerging from the column reaches the maximum allowable discharge level, regeneration of the adsorption bed to recover the adsorbed material and/or to regenerate the adsorbent becomes essential. Such regeneration may be accomplished by a variety of techniques such as thermal desorption, steam washing, solvent extraction, etc. Each method has inherent advantages and limitations. In the present study, the use of a variety of solvents to regenerate the adsorption bed was attempted. Of these, the use of a 0.1 M NaOH solution was found to be the most effective in desorbing and recovering the adsorbates quantitatively from the adsorption bed. Thus, the fixed bed columns containing Trametes versicolor polyporus fungus saturated with phenol or chlorophenol were regenerated by passing 0.1 M NaOH solution as an eluent at a fixed flow rate of 1 mᐉ/min. The corresponding desorption profiles are depicted graphically in Figures 10-12 , respectively. The plots show that the rate of desorption increased sharply to reach a maximum with 8 mᐉ for phenol, 10 mᐉ for 2-CP and 10 mᐉ for 4-CP when a 0.1 M NaOH solution was employed as the eluent, with complete regeneration occurring at ca. 30 mᐉ. The regenerated column could be further used for the removal of phenol. These results indicate that the column was saturated early, leading to a decrease in its adsorption capacity. As a result, the percentage desorption also decreased from the first cycle to the second cycle.
CONCLUSIONS
Cheaper material, Trametes versicolor polyporus fungus, was used for the adsorption/desorption of phenol and chlorophenols from aqueous solutions. It was demonstrated that the removal of phenol, 2-chlorophenol and 4-chlorophenol from aqueous solutions was feasible by adsorption onto Trametes versicolor polyporus fungus under both equilibrium and column flow conditions. The maximum adsorption capacity occurred at a pH value of ca. 6.0 and decreased significantly on either side of this pH value. The Langmuir isotherm model gave a better representation of the experimental data relative to the Freundlich and D-R isotherm models. The experimental data obtained indicated that the adsorption of phenolic compounds followed pseudo-first-order kinetics. The results indicated that Trametes versicolor polyporus fungus exhibited a higher adsorption capacity towards chlorophenols relative to phenol. This may be explained on the basis of the difference in the aqueous solubility and hydrophobicity of phenol, 2-chlorophenol and 4-chlorophenol.
